We present a detailed study of interspecies Feshbach resonances of the bosonic 23 Na+ 39 K mixture for magnetic fields up to 750 G in various collision channels. A total of fourteen Feshbach resonances are reported, as well as four zero crossings of the scattering length and three inelastic two-body loss features. We use the observed magnetic field locations of the resonant features together with the known data on 23 Na+ 40 K to refine the singlet and triplet ground state potentials of NaK and achieve a consistent description of Feshbach resonances for both, the Bose-Bose mixture of 23 Na+ 39 K as well as the Bose-Fermi mixture of 23 Na+ 40 K. We also discuss the influence of the interplay between inelastic two-body and three-body processes on the observation of a Feshbach resonance.
I. INTRODUCTION
Mixtures of ultracold atoms have recently attracted great interest as they enable the study of exciting quantum many-body effects [1] . Furthermore, molecules in their ro-vibrational ground state are promising candidates for the study of dipolar many-body physics [2] [3] [4] . Ensembles of Na+K feature several predicted interspecies Feshbach resonances [5] and their heteronuclear molecules possess a large electric dipole moment of 2.72 Debye [6] , the freedom to prepare both bosonic and fermionic NaK molecules and chemical stability in molecular two-body collisions [7] .
Up to now, Feshbach resonances for the mixture of bosonic 23 Na and fermionic 40 K have been reported [8, 9] and fermionic ground state 23 Na 40 K molecules have been prepared by association of Feshbach molecules [10] and subsequently by following two different STIRAP paths [7, 11] . Thanks to these results and to previously obtained spectroscopic data [12, 13] , the interatomic molecular potentials of the singlet and triplet ground states have been refined [9] , leading to predictions for Feshbach resonances in the bosonic mixtures by isotope mass rescaling. However, the very different hyperfine coupling between 23 Na and 40 K compared to 23 Na and 39 K lead to different singlet-triplet mixing within the Feshbach manifold. The accuracy of the predictions strongly depend on residual correlations in the determination of the singlet and triplet potential from measured 23 Na+ 40 K Feshbach resonances. A direct measurement of the Feshbach resonance positions in the bosonic mixture is necessary to further refine the potentials for NaK and in particular to minimize correlations between the singlet and triplet molecular potentials.
Experimental investigations of the Feshbach resonance spectrum of the bosonic pair 23 Na+ 39 K have started recently. The identification of Feshbach resonances in the |f = 1, m f = −1 Na +|f = 1, m f = −1 K channel has * silke.ospelkaus@iqo.uni-hannover.de been the basis for the preparation of a dual-species BoseEinstein condensate of 23 Na and 39 K atoms in the vicinity of a Feshbach resonance at about 247 G [14] . Here, f denotes the total angular momentum of the respective atom and m f denotes the projection onto the quantization axis. By comparing the measured resonance positions with predictions by Viel et al. [5] significant deviations became apparent, whereas predictions making use of the recent evaluation in [9] , including measured d-wave resonances of 23 Na+ 40 K, reduce these deviations. Since the Feshbach resonances observed in the |1, −1 Na + |1, −1 K mixture are only a small subset of the many possible resonances, the observed deviations have motivated a thorough search for the remaining structures in order to further improve the potential energy curves (PECs).
In this paper we present a detailed study of Feshbach resonances in a variety of hyperfine combinations in the ground state manifold of 23 Na+ 39 K for a magnetic field range from 0 to 750 G. Our approach follows the iterative procedure of prediction, measurement and model refinement that is typical for molecular spectroscopy. The paper is structured accordingly:
In Sec. II we first give a brief summary of Feshbach resonance predictions for the bosonic 23 Na+ 39 K mixture, which have been derived from molecular potentials obtained by conventional spectroscopy of the NaK molecule and measurements of Feshbach resonances in the BoseFermi mixture of 23 Na+ 40 K by isotope mass rescaling. In the second part of the section the experimental sequence for the measurements is described.
In Sec. III we present our measurements of loss features arising from elastic and inelastic scattering resonances.
In Sec. IV we describe and discuss the updated molecular potentials and how they improve the current knowledge of the scattering properties of both the Bose-Bose and Bose-Fermi mixtures.
In Sec. V a brief discussion of an inelastic loss feature observed in the |1, 1 Na + |1, −1 K channel and its influence on the possible observation of a close lying Feshbach resonance is given. From the potentials we predict 32 resonances in the magnetic field region from 0 to 750 G by coupled-channel calculations for atom pairs with magnetic quantum numbers f Na = 1, m fNa = {−1, 0, +1} and f K = 1, m fK = {−1, 0, +1}. Additionally, resonances for f = 2, m fNa,K = −2 are predicted. The calculations are done for an ensemble temperature of 1 µK and therefore only s-wave resonances are considered. Comparing theoretical and experimental results in [14] , the accuracy of our predictions is expected to be on the order of a few Gauss, significantly simplifying the search in the experiment.
We locate Feshbach resonance positions by atom-loss spectroscopy, making use of the strongly enhanced scattering length and associated large on-resonance threebody loss in the atomic ensemble [15] . The detected losses are referred to as an elastic loss signal throughout this paper. Atom loss is also observed in the case of inelastic two-body collisions, where the energy released by the spin exchange is sufficiently high to lead to a twobody loss process in the trapped sample. In both cases we identify the local maximum of the atom loss with a resonance position. Typically, three-body processes require higher particle densities than two-body processes to obtain comparable loss rates. Thus in our case inelastic loss processes are expected to elapse on a shorter time scale than the three-body loss and will therefore lead to strong losses already for short hold times.
Care has to be taken when investigating a zero crossing of the scattering length as function of magnetic field. The minimum of the detected losses is in general not identical to the zero of the scattering length [16] , and a measurement similar to Sec. II B can give misleading results. We instead localize this magnetic field position by exploiting the two-body losses that appear during optical evaporation, similar to the work in [14] . In this procedure the magnetic field strength is set to the target value before the start of the optical evaporation. Because the optical trapping potential depth ratio is U K ≈ 2.51 U Na , predominantly 23 Na is ejected from our crossed optical dipole trap (cODT), while 39 K is sympathetically cooled.
On a zero crossing two body collisions are suppressed and therefore also losses resulting from the evaporation process [17] .
B. Experimental procedure
The experimental setup is described in detail in [18] and [19] . The experimental sequence is based on the experiences of [14] . Since a precise knowledge of the generated magnetic field strength is necessary, a calibration has been performed repetitively in the course of the measurement campaign. The calibration method is the same as already described in [14] . We use microwave spectroscopy on a sample of 23 Na with a temperature of ∼ 800 nK confined in the cODT. For a defined electric current we measure the microwave frequency of the |f = 1, m f = −1 → |f = 2, m f = 0 transition using the atom loss in the |f = 1, m f = −1 state as signal and calculate the corresponding magnetic field using the BreitRabi formula. The transition frequency is determined with an uncertainty of about 10 kHz leading to an uncertainty on the value for the magnetic field strength on the order of 30 mG. This is typically small compared to the statistical uncertainty originating from the resonance loss measurements. In the following we give a brief summary of the experiment sequence and explain the applied modifications in comparison to [14] .
First, an optically plugged magnetic quadrupole trap is loaded from a dual-species magneto-optical trap (MOT). The atoms are then transferred to a cODT where we prepare an ultracold mixture of 23 Na and 39 K, both in |f = 1, m f = −1 , by optical evaporation. The temperature is ∼ 1 µK for both species, as measured by time-offlight (TOF) expansions.
After the evaporation in the cODT has been completed, we transfer 23 Na and 39 K to the spin-state combination of interest, making use of rapid-adiabatic-passage [20] sequences. Their efficiency is close to unity and neither heating of the sample nor atom loss due to the transfers is observed in our experiment.
For the atom loss spectroscopy, we vary the atom numbers of the two species, preparing one species as the majority component and the other one as the minority component. The peak densities in the cODT are between 1.5 · 10 12 cm −3 and 7.4 · 10 14 cm −3 for 23 Na and between 3.9 · 10 13 cm −3 and 1.6 · 10 15 cm −3 for 39 K. Detected loss within the minority component provides the primary signal. We use different tuning knobs in the experimental sequence to adjust the atom numbers. The first one is given by the loading times of the dual-species MOT. The second tuning knob is the depth of the forced microwave evaporation we perform in our optically plugged magnetic quadrupole trap. Due to the smaller repulsion of 39 K by the blue-detuned plug laser light, a deeper evaporation and thereby colder atomic sample leads to an increased 39 K density close to the magnetic trap center compared to 23 Na. This increases losses in the 39 K cloud. Hence, the deeper the evaporation is performed the more the atom ratio inside the cODT is shifted towards a prevalence of 23 Na. We ramp the magnetic field strength in a few milliseconds to the target value. The loss measurement is repeated multiple times for every magnetic field value. For every resonance under investigation we experimentally determine the appropriate holding time, ensuring that the minority cloud is not depleted completely at the minimum but the loss feature is well visible. The holding time varies between 10 ms and 1000 ms and its magnitude can be an indication whether inelastic two-body or inelastic three-body processes dominate the losses.
The number of remaining atoms is recorded by absorption imaging of the majority component in the cODT and of the minority component after a short TOF. Where possible, we ramp down the magnetic field to zero in 5 to 40 ms (depending on the initial magnetic field value) and image both species at zero magnetic field.
For some spin state combinations we find that low field Feshbach resonances and/or high background scattering lengths lead to sizable losses, rendering imaging both species at zero magnetic field unfavorable. To circumvent these additional losses, we perform high-field imaging on the 39 K D 2 -line. For magnetic field strengths beyond 200 G the Paschen-Back regime is reached for 39 K, where the electron angular momentum (j, m j ) and the nuclear spin (i, m i ) decouple from each other in both electronic states and instead align directly relative to the external magnetic field. With this, f is no longer a good quantum number. Together with the selection rule ∆m i = 0, it is always possible to find a transition with ∆m j = ±1, which then serves as closed imaging transition. We choose a magnetic field for which no other resonance has to be crossed and for which the scattering rate of the state combination under investigation is low. We then image 39 K as the majority component in the cODT and follow the scheme above for the 23 Na detection.
To improve the signal-to-noise ratio of the atomic cloud pictures, especially for low atom numbers, the absorption images of 23 Na and 39 K are post-processed. The background of every picture is reconstructed using an algorithm based on principal component analysis [21] and this background is subtracted from the picture. The pictures taken at equal magnetic field values are then averaged and the resulting image is fitted with a twodimensional Gaussian. From the fit, the atom number is derived. The errors on the atom number result from the standard deviations of the fit. They vary between the different resonance measurements because they incorporate shot-to-shot atom number fluctuations which can originate from the different required spin preparation steps and the number of resonances which need to be crossed to reach the magnetic field value under investigation. For lucidity they are only shown for two exemplary measurements in Fig. 1 . The errors are propagated to the profile fit of the loss feature and therefore contribute to the uncertainties of the resonance positions (see Tab. I).
III. LOSS RESONANCES AND ZERO CROSSINGS
We have located 21 features, including the ones already presented in [14] . Fourteen features are assigned to predicted Feshbach resonances, resulting in three-body loss, three result from inelastic loss channels and four are assigned to zero crossings of the two-body scattering length. Figure 1 shows the measured features. To determine the resonance positions we do a weighted fit to our data with a phenomenological Gaussian function. For every measurement the atom number is normalized on the baseline of the fit. In Fig. 1 , the normalized atom numbers of the different measurements for every channel are set equal to one. This leads to an artificial increase in the atom number above one in case of a measured zero crossing. The resulting positions of all measured features are summarized in Tab. I. In cases of loss features being clearly visible for both species, the position of the resonance is the weighted average of the center positions from the two fits. The error estimate of the experimentally determined resonance positions, given in Tab. I, includes the uncertainty in the profile fit (which includes the errors from the atom number determination as explained above) as well as the uncertainty in the calibration of the magnetic field strength.
As summarized in Tab. I, some calculated resonances remain undetected. The main reasons are:
• Some of the state combinations experience a very high background scattering rate over the complete investigated magnetic field range. For these spin mixtures, the resonances are hidden since the atomic samples experience large losses already during the state preparation and/or the ramp to the target magnetic field.
• While pure 23 Na does not show significant loss features in the investigated range of the magnetic field strength, 39 K exhibits several Feshbach resonances in different spin channels. We remeasured the 39 K resonances relevant for our investigations and found all resonance positions to be within the experimental uncertainties of previous publications [22, 23] . Some of them are critical for our heteronuclear measurements since they are located near or even overlap with the resonance positions predicted for 23 Na+ 39 K. These cases are mentioned in Tab. I. Additionally, the 39 K Feshbach resonances are indicated in Fig. 1 as vertical blue dashed lines.
IV. THEORY AND CALCULATIONS
The theoretical modeling of two-body collisions of two alkali atoms in their electronic ground state is well es- tablished and described in many publications (see for example [24] ). The Hamiltonian contains the conventional kinetic and potential energy for the relative motion of the two particles and needs for the coupling of the molecular states X 1 Σ + and a 3 Σ + the hyperfine and Zeeman terms. For finer details of the partial waves with l ≥ 1, one also needs the spin-spin interaction. The molecular PECs are represented in a power expansion of an appropriate function ξ(R) of the internuclear separation R
to describe the anharmonic form of the potential function for R → ∞ or R → 0. R m is an internuclear separation close to the minimum of the respective PEC and b is a parameter to optimize the potential slopes left and right of R m with few terms in the power expansion. The full PECs are extended by long-range terms and short-range repulsive ones, see [24] and the supplement of this paper.
We calculate the two-body collision rate at the kinetic energy that corresponds to the temperature of the prepared ensemble. Thermal averaging is not performed, which would need significant computing time, but, more importantly, for a complete description we would have to consider the two cases of two-and three-body effects in the modeling. Here, we take the calculated maximum in the two-body collision rate constant to be equal to the observed Feshbach resonance and the calculated minimum to the observed loss minimum in optical evaporation.
The most recent fit of Feshbach resonances was reported for 23 Na+ 40 K in [9] and the present evaluation starts from that result. Calculating the resonances for the observed cases with those derived PECs, we find significant deviations between observation and theory, thus demanding for new fits. They include all former observations and additionally the measured Feshbach resonances and zero crossings presented in this paper, in total 82 independent data points from Feshbach spectroscopy. This allows to further reduce correlations in the determination of the triplet and singlet potentials. The improved molecular potentials lead to a higher consistency between the measured and theoretically predicted resonance features for the bosonic 23 Na+ 39 K mixture as well as the BoseFermi mixture of 23 Na+ 40 K. The sum of squared residuals of calculated and experimentally determined resonance positions, weighted by the experimental uncertainties, improved from 337.0 to 255.31. We give a full listing of the data points and the evaluation with the different potential approaches in the supplement. Furthermore, we find that no inclusion of Born-Oppenheimer correction is needed to achieve this improvement. The parameters of the refined PECs can be found in the supplement. Table I lists the calculated resonance positions which are derived using the updated potential energy curves. In several channels, the calculations show maxima for the elastic and inelastic scattering rates to appear close to each other. Such a constellation can lead to a shifted minimum in the atom-loss measurement. For one resonance a remarkable shift was observed in our experiment and will be discussed in the following section. Note that closely located maxima of elastic and inelastic scattering rates can also lead to asymmetric broadening of loss signals. This can be an additional reason why for several measurements of Feshbach resonances shifts and asymmetric broadening of the loss signals were reported [25] [26] [27] [28] [29] [30] . Scattering rate constant (cm 3 / s) Magnetic field strength (G)
FIG. 2. Remaining atom fraction of
23 Na (open circles) and Gaussian fit (red curve) as well as elastic (green dotted line) and inelastic (black dashed line) collision rate constants for the |1, 1 Na + |1, −1 K channel. The rate constants are calculated for a kinetic energy of 1 µK. The peak densities in the cODT for this measurement were 2.2 · 10 12 cm −3 for 23 Na and 4.4 · 10 13 cm −3 for 39 K.
V. INELASTIC LOSS FEATURE IN
Our theoretical model predicts a Feshbach resonance at 15 G for the |1, 1 Na + |1, −1 K channel. However, our measurements show a broad loss signal at 26.34 G, see Fig. 1 and Tab. I. The large deviation can be explained by looking at both elastic and inelastic loss contributions. Figure 2 shows the atom-loss measurement together with the elastic loss rate which has a maximum at 15.4 G and an enhancement of the inelastic loss rate at 28.2 G. The inelastic part is due to the coupling to the |1, 0 Na +|1, 0 K channel and gains strength through a Feshbach resonance at 29.8 G for the latter channel. The inelastic two-body losses occur on a shorter timescale and dominate the three-body losses invoked by the elastic part of the scattering rate. This is confirmed by a relatively short hold time of 100 ms for the measurement presented in Fig. 2 , in comparison to up to an order of magnitude larger hold times for the measurements of three-body losses at a Feshbach resonance. The elastic peak might be hidden in the shoulder of the recorded profile. To pinpoint TABLE I. Measured magnetic field positions Bexp and uncertainties (±) together with calculated positions B th , applying the improved potentials. M is the total magnetic quantum number of the pair |f, m f Na + |f, m f K , f is in most cases only an approximate quantum number. Subscripts "res" and "ZC" stand for resonance and zero crossing, respectively. In some cases, maxima of the elastic (el.) and inelastic (in.) scattering rate are listed respectively. A.1 marks the inelastic loss feature discussed in section V. The measurements with (*) have been previously presented in [14] . the Feshbach resonance position with higher accuracy, a binding energy measurement should be performed [31] which is left for future investigation. Similar findings on the interplay of inelastic two-body and three-body processes have been reported in [9] .
VI. CONCLUSION AND OUTLOOK
In this paper we presented a detailed study of Feshbach resonances in many possible hyperfine combinations of the ground state manifold of 23 Na+ 39 K in a magnetic field range from 0 to 750 G. We compared these measurements to theoretical predictions based on the currently available data for NaK molecular potentials and used our data to refine those potentials. The improved potentials lead to a higher consistency between the experimental data and theoretical predicted resonance features for both, the bosonic 23 Na+ 39 K mixture and the BoseFermi mixture of 23 Na+ 40 K. With the incorporation of the experimental data of the bosonic Feshbach resonances and the finding that the Born-Oppenheimer approximation remains valid for the investigated partial waves, reliable predictions based on the new potentials will be also possible for the other, still unexplored, bosonic mixture of 23 Na+ 41 K. Moreover, the observation of the inelastic loss feature deviating significantly from the corresponding elastic peak indicates that careful theoretical investigation is recommended in case unexpected deviations appear in an analysis of a performed Feshbach resonance atom-loss measurement.
The measurements and refined molecular potentials will greatly aid the future investigation of interspin phenomena such as droplet formation [32] as well as in producing stable 23 Na 39 K molecules in their absolute ground state via a STIRAP process [33] .
Appendix A: Molecular potential curves
The parametrization of the molecular potentials is described for example in [1] . The potentials are represented in three parts: the repulsive short-range part U SR (R), the intermediate range U IR (R) and the asymptotic long range part U LR (R), which are given by the following expressions:
and
where the exchange energy is given by
It is negative for the singlet and positive for the triplet potential.
The parameters of the refined NaK singlet and triplet molecular potential curves are listed in Tab. II. A computer code in FORTRAN for calculating the potential functions can be found in the supplement of [2] .
Appendix B: Evaluation of Feshbach spectroscopy
We present a detailed evaluation of 82 independent data points obtained in Feshbach spectroscopy and taken from different publications. The quality of four different PEC-representations is compared in terms of the sum of weighted squared deviations in Tab. III. Note that the reference [3] only takes a subset of the given scattering features into account. Therefore, a sum of weighted squared deviations is only calculated for the last three columns of Tab. III. "ref") . The "note" column contains information about the scattering feature. ZC refers to a zero crossing of the scattering length, in to a loss feature which results from an inelastic two-body collision process, ov indicates the presence of two overlapping structures and an empty entry refers to a Feshbach resonance. M is the total magnetic quantum number of the the entrance channel listed in column |f, m f . l and lmax give the partial waves considered in the calculation of the feature position. Bexp gives the experimentally determined position of the scattering feature and σexp the error. The difference ∆ of experimentally determined and calculated positions of the features for four different representations for the PECs are compared in the last four columns of the table. Subscripts indicate the publications the PECs are taken from. The question mark in the ∆(G) [3] column indicates that the correct assignment is unknown for that specific data point. 
